. B-type starch granules are reported to be first initiated between 12-16 DPA (Parker, 1985) Starch granules in mature wheat endosperm show a and between 16-22 DPA (Briarty et al., 1979). At grain bimodal size distribution. The formation of small starch maturity B-type granules vary in size between 1 mm and granules in wheat endosperm cells was studied by 10 mm and are spherical in shape. The final number of transmission electron microscopy (TEM) and confocal B-type granules per grain is affected by the environmental laser scanning microscopy (CLSM) after expression conditions during grain growth such as temperature and targeting of fluorescent protein into amyloplasts.
Introduction production of cultivars containing starch enriched in the Endosperm of mature wheat and barley contains two A-type granule fractions will improve the quality of the major classes of starch granules. Formation of the large raw material for the brewer, whereas enrichment in lenticular A-type granules initiates about 4-5 d postthe B-type granule fractions is favourable for the paper anthesis (DPA). About 4 d later the final number of and cosmetic industry. A-type granules is achieved (Briarty et al., 1979) . Their
In the history of starch research there has been some size reaches up to 45 mm (Briarty et al., 1979) , depending disagreement about the origin of B-type granules. In 1958 Badenhuizen suggested they arose in mitochondria on cultivar (Dengate and Meredith, 1984) and season 3 To whom correspondence should be addressed. Fax: +31 71 5274863. E-mail: Langeveld@rulbim.leidenuniv.nl Abbreviations: CLSM, confocal laser scanning microscopy; DPA, days post anthesis; TEM, transmission electron microscopy; GFP, green fluorescent protein; LM, light microscopy; TP, transit peptide; YFP, yellow fluorescent protein.
Transmission electron microscopy (Badenhuizen, 1958) . Buttrose, investigating B-granule Transverse sections, about 1.5 mm thick, were cut across the formation in barley and wheat, concluded that the small centre of each grain, fixed at room temperature in 2% (w/v) granules were formed in vesicles budded off from outparaformaldehyde and 2.5% (v/v) glutaraldehyde in 0.1 M growths of the A-type granule-containing amyloplasts Na-cacodylate (pH 7.2) for 16 h and post-fixed at room (Buttrose, 1960 (Buttrose, , 1963 the formation of vesicles in which B-type granules developed (Czaja, 1982) . However, using this method, Confocal laser scanning microscopy exclusive evidence cannot be obtained, since protrusions are hardly visible at the light microscopy level. By using A plasmid containing the gusA reporter gene under the control of the rice actin promoter (McElroy et al., 1990) (Parker, 1985) . (Chiu et al., 1996) and YFP (Clontech) coding review, see Gerdes et al., 1996) . Modified versions of this (Ainsworth et al., 1993) presence of these small granules and the structure of Wheat grains (8-13 DPA) were cut in half longitudinally, amyloplasts were studied by EM as well as by CLSM. perpendicular to the crease and placed on Petri dishes containing Here, the presence of B-type granules in protrusions of Murashige and Skoog medium (Murashige and Skoog, 1962) A-type granule-containing amyloplasts is demonstrated, solidified with 0.8% (w/v) agar, the cut side facing up. Low melting agarose (1%, w/v) containing MS medium was used to conclusively confirming some of the earlier observations stick the grains to the solid medium. Grains were transiently (Buttrose, 1960 (Buttrose, , 1963 Parker, 1985) . Moreover, the intertransformed with one of the constructs described above, using connection of amyloplasts by these protrusions is shown the Biorad Biolistic Particle Delivery System-1000/He. The Petri using CLSM.
dishes were transferred to a phytotron with a 16 h photoperiod (2 klx) and a temperature of 21°C. Fluorescent cells were examined 1 d after bombardment in a Leica TCS/SP Confocal Laser Scanning Microscope using an excitation wavelength of
Materials and methods
488 nm. Some of the recordings were restored by deconvolution with the Huygens System 2 program (Scientific Volume Imaging, Plant material and growth conditions
The Netherlands) using an experimentally determined point Wheat grains, Triticum aestivum L., cv. Minaret, were germinspread function. ated in pots with a diameter of 6 cm (containing potting compost, perlite and peat in a 15151, by vol., ratio) in a climate chamber at 20°C/80% humidity with a 16 h photoperiod. After 1 week the seedlings were transferred to pots with a diameter wheat grains ranging from 8-13 DPA were examined by transmission electron microscopy ( TEM ). Except for the examined amyloplast protrusions were clearly observed, and in some of these protuberances small B-type granules aleurone layer, protrusions were observed throughout the endosperm from 8 DPA onwards, although in older cells were visible (Fig. 2B, inlay) . Moreover, amyloplasts seemed to be connected to each other ( Fig. 2B, arrow) . the protrusions were less prominent. B-type granule formation was first visible at 11 DPA in plants grown
Figures 2C and D show two optical sections (4 mm apart) from the same cell as shown in Fig. 2B . A mount of these under the conditions described in the Materials and methods section, in 2-3 cell layers from the sub-aleurone sections (Fig. 2E) , demonstrated the interconnection of two amyloplasts by a protrusion. Study of the optical cell layer. Figures 1A and B show two serial sections of a string of B-type granules (Fig. 1A) which at first sight sections in between (each 0.20 mm apart) confirmed the physical connection between the amyloplasts did not seem to be connected to the amyloplast with the A-type starch granule and protrusion (Fig. 1B) . However, (not shown). When a time-lapse recording with intervals of 7 s was performed, movement of the amyloplast mounting the two sections together ( Fig. 1C ) suggested that the B-type granules are present in the protrusion protrusions was visible (results not shown at wwwimp.leidenuniv.nl/tno.html ). emanating from the parent amyloplast. Figure 1D shows a B-type granule in a protrusion directly connected to an
The protrusions varied in length from 2 mm to 30 mm and ranged in width between 0.5 mm and 1.5 mm, A-type granule-containing amyloplast (13 DPA).
In order to visualize these protrusions and their depending on the presence of B-type granules when observed by CLSM. This corresponds with the TEM dynamics in living cells, GFP and YFP constructs were introduced into wheat endosperm of 9-13 DPA by particle observations, where the width of the protrusions ranged from 0.35-1.4 mm. The maximum length of the protuberbombardment. Bombardments with seeds older than 13 DPA were not successful. Most frequent transformations ances inferred from serial sections obtained by TEM was 16 mm. Considering the resistance of starch-containing were obtained in cells 1-3 cell layers from the subaleurone layer. The constructs used contained a transit material to sectioning and examination by TEM, the latter is probably an underestimation. peptide from granule-bound starch synthase which enables the delivery of the fluorescent protein into the Taken together, results obtained by both TEM and CLSM techniques showed the presence of B-type granules stroma of amyloplasts and other plastids. CLSM observations indeed showed targeting of GFP and YFP to the in protrusions emanating from A-type granule-containing amyloplasts. Moreover, these observations showed the amyloplast stroma ( Fig. 2A, B) , visualizing starch granules as black areas within the amyloplast. In all cells interconnection of amyloplasts by these protrusions. In all endosperm cells examined by CLSM, protrusions were present. Because only the outer cell layers (1-3 (Buttrose, 1960 (Buttrose, , 1963 Parker, 1985) . B-type granules were first detected in seed of 11 DPA. Buttrose and Parker layers from the sub-aleuron layer) were transiently transformed, it is possible that the interplastid connections are observed B-type granule initiation about 14 DPA (Buttrose, 1963; Parker, 1985) . This difference can be a characteristic of young endosperm cells. When older cell layers were examined by TEM, protrusions were less explained considering the wheat cultivar and growth conditions used. Although grains of different ages were analysed, abundant, augmenting the possibility that protrusions are a developmental phenomenon. the variation in development within one age was huge. This is likely to be due to the development of the endoUp to now, it has not been possible to visualize a starch granule larger than 20 mm using bombardment sperm, the place of the grain in the ear, the sequential order of the ear on the plant, and the labelling procedure.
labelling and there has been no success in obtaining GFP or YFP expression in grains older than 13 DPA, both CLSM enabled the amyloplasts in living cells to be visualized and showed the interconnection of amyloplasts possibly due to the increasing amount of starch, impeding delivery of the construct to the nucleus. In order to get by these protrusions. These observations are consistent with the results from Kö hler et al. who showed connecan overall view of amyloplast development in older grains, transgenic plants expressing the TP-YFP construct would tions between chloroplasts, starting as protrusions emanating from the chloroplasts ( Kö hler et al., 1997b) . These be useful tools. 
